If crystal structures can be viewed as repositories of information, then crystal surfaces offer a pathway by which this information can be used to grow new structures through the process of epitaxy. The information transfer process is one of self-organization, and the kinetic and energetic factors influencing this are complex. They include the relative strengths of the adsorbate-adsorbate and adsorbate-substrate interactions, the flux of incoming species and the temperature of the system. In this brief review, we explore how the interplay of these factors influences the degree to which the epitaxial structures retain the 'memory' of the template, illustrating the discussion with examples from epitaxy on quasi-crystal surfaces.
Introduction
The relationship between structure and information has been an enduring theme of the research career of Alan L. Mackay. Appropriately, several of the contributions to this volume are concerned with processes of information transfer to and from molecular or crystalline structures. The information may be encoded in a variety of different ways, for example, in the optical lattice described by Vishveshwara [1] . In that case, the resulting structure is the atomic BoseEinstein condensate. Alternatively, the information is contained in biological molecules such as DNA [2] or peptides and RNA [3] , and a new structure is generated or replicated through biological processes. Another possibility is that the information may be contained within the structural elements or building blocks themselves, and the new structure is generated through a process of *Author for correspondence (mcgrath@liv.ac.uk).
One contribution of 14 to a Theme Issue 'Beyond crystals: the dialectic of materials and information '. This journal is © 2012 The Royal Society Table 1 . A brief listing and explanation of some terms associated with epitaxy.
epitaxy:
the process of depositing a monocrystalline film on a monocrystalline substrate homoepitaxy: a type of epitaxy in which a single-crystal layer is grown on a substrate of the same material heteroepitaxy: a type of epitaxy in which a single-crystal layer is grown on a substrate of different material that has a compatible crystal structure rotational epitaxy:
growth of one crystal on the surface of another crystal in which the growth of the deposited crystal is oriented by the lattice structure of the substrate pseudomorphic growth:
growth of a structure that has an uncharacteristic crystalline form as a result of assuming the structure of another crystal that has been used as a template self-assembly [4] . In this paper, we consider crystal structures as repositories of information. Their surfaces then offer an interface whereby this information may be exploited. The process of information transfer in this case is through self-assembled growth, a process commonly termed as epitaxy [5] . Table 1 gives a brief listing and explanation of some terms associated with epitaxy. The process itself is influenced by a range of kinetic and energetic factors that determine the resultant structure. Kinetic considerations in epitaxial growth arise from those processes that require an energy barrier of some sort to be surmounted to allow the growth to proceed. They include dissociation (if the adsorbing species is molecular); diffusion across terraces and along atomic step edges; initial nucleation and aggregation of small clusters; and diffusion along edges of small islands. If any one of the 'kinetic barriers' to these processes is not overcome, this can lead to an intermediate or 'metastable' structure. Where all of the kinetic barriers are surmounted, the resulting structure is the lowest energy solution, determined purely by considerations of the energetic balance of the chemical interactions between the adsorbing species and the substrate, and between the adsorbing atoms themselves [6] .
Kinetic factors have been calculated extensively, particularly for simple cases of gas-surface interactions, using a variety of approximate methods. Several rules of thumb for growth morphology have been developed based on considerations of surface and interface energies, although these terms are difficult to measure or calculate with any degree of accuracy, and vary according to the exposed crystal facet. Density functional theory offers a route to calculation of the lowest energy structures; however, most often this is done 'forensically' to confirm a structure that has been inferred by some experimental method [6] .
Our goal in this paper is to review studies of epitaxial growth on a particular type of crystal surface-the quasi-crystal-with a view to identifying the key factors in the information-transfer (epitaxial) process. Quasi-crystals are intermetallic compounds of at least two elements. They are a subset of a class of materials known as complex metallic alloys (CMAs) [7] . The latter are characterized by highly symmetric clusters that decorate their large to 'giant' unit cells. Quasi-crystals represent the limiting case where the unit cell can be regarded as infinite, as they lack translational symmetry. Table 2 lists and provides a brief explanation of some terms associated with quasi-crystals. a periodic crystalline material that is closely related to a quasi-crystal, both in chemical composition and in atomic structure complex metallic alloy: a crystalline compound composed of metallic constituents, with a large unit cell, containing up to thousands of atoms and the occurrence of well-defined clusters. Approximants are a subset of complex metallic alloys. Quasi-crystals can also be considered a subset, with a unit cell that is infinitely large Penrose tiling: a non-periodic tiling generated by one of three aperiodic sets of prototiles named after Roger Penrose, who investigated these sets in the 1970s Ammann bars:
in some tilings, it is possible to decorate the prototiles with line segments such that they produce a grid of straight lines extending over the whole tiling. Robert Ammann discovered the appropriate decorations for several tilings, among them the Penrose rhomb tilings, where the separation of the bars forms a Fibonacci sequence Fibonacci sequence:
an aperiodic sequence of short (S ) and long (L) intervals, generated by repeated application of the rule S → L and L → LS. The nth word approximating the sequence is the concatenation of the two previous words, and the ratio of successive word lengths, as well as the ratio of the number of letters L and S , approaches the golden mean t =
when n becomes large. white flower (WF): a term used in scanning tunnelling microscope (STM) images of fivefold surfaces of icosahedral surfaces to denote an equatorially truncated Pseudo-Mackay cluster that has an atom at its centre, predominantly Mn dark star (DS): a term used in STM images of fivefold surfaces of icosahedral surfaces to denote a vacancy resulting from the irregular decoration of the inner shell of a pseudo- Mackay cluster There are a number of reasons to choose quasi-crystals for this purpose. Firstly, quasi-crystals are both chemically and structurally complex and hence offer more possibilities in epitaxy than single-crystal low-index surfaces. Secondly, in contrast to other crystal surfaces where atomic reconstructions can take place to minimize the total energy of the system, the complex structure of quasicrystals are preserved within the topmost surface layers, i.e. the surface is bulk-terminated [8] . This opens up the possibility to use aperiodic surfaces as templates to study the relationship that exists between structural complexity and physical/chemical properties by transferring the surface structure of quasicrystals to thin films made of a single element. A pseudomorphic thin film of reduced chemical complexity would enable evaluation of the intrinsic properties associated with aperiodic order. Thirdly, as we shall demonstrate, they exhibit a number of surprises in epitaxial growth that serve to illustrate the role of some of the kinetic and energetic factors referred to above.
Further reasons for choosing quasi-crystals are the major contributions that Alan Mackay made to this field. In his seminal 1982 paper entitled 'Crystallography and the Penrose pattern' [9] , he demonstrated that a Penrose tiling [10] has an optical (Fourier) transform which has 10-fold symmetry. He also made the following statement concerning the Penrose tiling:
It has local five-fold axes and thus represents a structure outside the formalism of classical crystallography and might be designated a quasi-lattice. [9, p. 609] His use of the term quasi-lattice anticipated the name 'quasi-crystal' [11] by which the materials discovered by Shechtman and co-workers [12] became known. His name is also associated with one of the two building blocks of the icosahedral F-type quasi-crystals, the pseudo-Mackay cluster [13] . Alan Mackay's contributions to this field are discussed in more detail in a historical review article by Hargittai published in 2010 [14] , the same year in which Alan shared the prestigious Oliver E. Buckley Prize of the American Physical Society for his work in this field.
In this paper, we will focus our attention on one particular type of quasi-crystal surface as a substrate-the fivefold surface of icosahedral Al-based quasi-crystals. Scanning tunnelling microscopy (STM) images of the clean surface of icosahedral Al-Pd-Mn (i-Al-Pd-Mn) (figure 1) show features such as the white flower (WF)-a truncated pseudo-Mackay cluster which has an underlying Mn atom in its centre, and pentagonal vacancy sites (also known as pentagonal dark stars (DSs)) whose interpretation has been controversial; current thinking favours their interpretation as also being cut pseudo-Mackay clusters, but not cut at the same height as the WFs [15] .
The structure of the fivefold surfaces can be interpreted by superimposing aperiodic tilings on models of the surface structure. These can be either Penrose P1 tilings composed of pentagons, fivefold stars, rhombi and boat-shaped tiles or decagon-hexagon-boat-star (DHBS) tilings consisting of decagons (D), squashed hexagons (H), boats (B) and stars (S) [16] . These tilings are intimately linked and share common vertices; the inter-connection of the centre of the D tiles leads to a tP1 tiling, i.e. the Penrose P1 tiling inflated by t(= 1.618 . . .). The D tile centres and a fortiori the tP1 tiling vertices coincide with the centres of the WFs.
The paper will be organized as follows. We consider examples of epitaxial growth on quasi-crystals in three regimes: sub-monolayer (sub-ML) up to ML; multi-layer; and thin film. This is followed by a discussion and some conclusions.
Growth up to a monolayer: Al, Si and Pb on i-Al-Pd-Mn
The adsorption of Si atoms on the fivefold surface of the icosahedral i-Al-Pd-Mn quasi-crystal serves as a first example. For the sub-ML regime, the Si adatoms are found to self-organize on the surface into an ordered quasi-periodic array [17] . This aperiodic arrangement is confirmed by the 10-fold symmetry of the fast Fourier transform (FFT) calculated from Si atoms distributed across terraces (not shown). An alternative way to visualize this quasi-periodic ordering is shown in figure 2a , where the adsorbates are bisected by Ammann bars. The presence of Ammann bars is often taken as a representation of a one-dimensional quasiperiodic structure [18] . The values of the spacing between the lines drawn on figure 2a are in agreement with those measured between the pentagonal DSs [19] present on the surface prior to deposition (discussed in §1). Using atomically resolved STM images, a careful inspection of the motifs surrounding the adsorbates coupled with an analysis based on two-dimensional auto-correlation functions pointed to a preferential nucleation site for Si atoms at low coverage. It corresponds to the centre of a truncated pseudo-Mackay cluster (one of the basic building blocks of the bulk structure) present at the i-Al-Pd-Mn surface-the so-called WFs [13] .
For the initial stage of deposition, the adatoms are sufficiently mobile across the surface to find these trapping sites and adsorb. The higher binding energy (deeper potential well) experienced by an Si atom at these sites could result from the presence of a charge density maximum and/or from the tendency to form directional covalent bonds at this precise location. Above a critical dose (0.25 ML), the formation of small Si clusters leads to a disordered film, as confirmed by diffraction techniques [17] . This coverage corresponds to a point where all initial adsorption sites on the template have been decorated. Therefore, above a certain coverage, information on the quasi-periodic order of the substrate is simply lost.
The adsorption of Al atoms on the fivefold surface of i-Al-Cu-Fe quasi-crystal, also leads to nucleation [20] . Indeed, the density of the deposited Al islands is independent of the deposition flux used, which suggests nucleation at a specific type of surface site with fixed density. The i-Al-Cu-Fe system, isostructural to the i-Al-Pd-Mn quasi-crystal, exhibits a bulk-terminated surface [21] with the presence of DS and WF motifs [22] . In contrast to the previous study, the adsorbates do not decorate the WF sites at the early stage of the deposition. As shown in figure 3 , the formation of pentagonal islands (resembling starfish) of uniform lateral size, mono-atomic height and identical orientations are observed across almost all terraces. Several of these nano-islands remain incomplete at low coverage (0.04 ML). To identify the nucleation site, the starfish positions were analysed with respect to the underlying substrate motifs distinguishable on the STM images. In addition, a thorough analysis of recurrent fivefold atomic arrangements was carried out for bulk planes that could appear potentially at the alloy topmost surface. Following these detailed measurements and bulk model inspections, the pentagonal surface vacancies or DS sites emerged as the best candidates for the extrinsic Al atoms. To explain the growth mode observed, the nucleation model involves the population of these 2.0 Å deep sites as a prerequisite to the formation of the starfish. First, the Al adatoms diffuse relatively easily across the terraces until they drop into the surface vacancies where they are captured. Then, these trapped adatoms act as nucleation sites for five additional extrinsic Al atoms. If one examines carefully the bulk model, it appears that the adatoms occupy almost the position that would be filled by Al atoms in the upper layer. Hence, not only does this pseudomorphic growth mode result in a quasi-periodic distribution of the starfish, but it replicates local atomic arrangements present within the bulk structure. As demonstrated by Ghosh et al. [23] , the formation of these starfish can be well understood and reproduced using potential energy surface analysis and kinetic Monte Carlo simulation of a disordered-bond network lattice gas model.
The scenario proposed here is also compatible with the growth mode observed across several terraces where large Al islands are formed at the expense of individual pentagonal nano-islands (see fig. 15 in Fournée & Thiel [24] ). A lack of empty DS sites on specific surface planes is theoretically expected and accounts for the growth mode discrepancy observed among terraces. In the absence of such deep potential energy wells, the adsorbate-adsorbate interaction should prevail over the adsorbate-substrate interaction, leading to the lateral growth of dense Al islands and a loss of the aperiodic information. The mobile impinging additional adatoms diffuse across the surface to eventually nucleate at the island step edges. In contrast, the six-atom islands do not grow laterally. This leads to an early roughening of the deposited film.
Both the studies mentioned above lead rapidly to a disordered structure with increasing coverage, so that aperiodic order in the growing layer is lost before the completion of a ML. In contrast, the heterogeneous nucleation of Pb atoms on the fivefold surface of i-Al-Pd-Mn results in a well-organized ML. At low coverage, Pb adatoms remain mobile on the surface and diffuse across terraces to self-assemble into pentagonal clusters that display the same monoatomic height, orientation and lateral size on all terraces (figure 4a). The formation of these clusters is highly reproducible for different fluxes and over a large sample temperature range (57-653 K). A combination of experimental measurements and ab initio calculations was used to identify the precise nucleation site, and to determine the adatom configuration and the number of Pb atoms involved per starfish [25] . The best agreement was obtained for a pentagonal cluster consisting of 10 Pb adatoms arranged as two concentric pentagons pointing in the same direction and located within the decagon tiles, i.e. on top of the WF site. This Pb 10 atom cluster, shown in figure 4b, has the lowest energy configuration that has been found among the several models tested. The comparison between experimental and simulated STM images ( figure 4a, c) is satisfactory, with the main characteristic features (lateral extension, height difference within the clusters) being reproduced. While the adatoms of the central pentagons occupy bridge positions, the five Pb atoms belonging to the outer pentagon nucleate precisely at the centre of small Al pentagons. These sites, corresponding to the vertices of the P1 tiling, are associated with charge density minima on the clean i-Al-Pd-Mn surface. Owing to their planar distribution and their density on the surface termination, a preferential decoration of only the P1 tiling vertices sites would lead to a quasiperiodic overlayer, albeit not dense. However in situ measurements demonstrated that Pb atoms can depart from these sites and additional adsorbates are thus required to stabilize the 10-atom cluster. The attractive adsorbate-adsorbate interaction is also evident in the cluster calculations, which demonstrates that the Pb inner pentagon alone is unstable. The presence of the outer pentagons is mandatory for cluster formation. Upon relaxation, the distance between the inner and outer Pb atoms becomes close to the nearest-neighbour distance in face-centred-cubic (fcc) Pb [25] .
With increasing deposition, other sites present across the surface are populated until the density of the film reaches ≈0.09 atom Å −2 .The STM image shown in figure 4d corresponds to such a coverage of Pb. The roughness and the overall perfection of the ML are improved if dosing is performed while holding the sample at 653 K. The tP1 tiling is used to describe the aperiodic ordering of the Pb ML as it corresponds to the smallest recognizable tiling with the resolution obtained for this coverage. This pseudomorphic thin film can be regarded as an inflated version (×t) of the P1 tiling of the clean surface [19, 28] . The tiling has been built so as to maximize the coincidence between tP1 vertices with features of highest contrast. The contrast variation observed across the film can be explained using the results of the ab initio calculations. Some bright features may result from protruding Pb atoms that sit slightly above their neighbours in this structurally complex ML. Others originate from the adlayer-substrate structural relaxation. Depending on the bond strength with the surrounding atoms, some specific Al atoms can indeed be lifted above the surface plane, hence pushing up the adsorbate above its neighbours. The ab initio calculations also indicate a large corrugation of the Pb film, a consequence of the disparate strength of the adsorbate-substrate bonds resulting from the adsorption of Pb within surface vacancies, at hollow sites and at bridge positions [27] .
Beyond a monolayer: growth of Bi islands on quasi-crystal surfaces

Growth of Pb on i-Al-Pd-Mn saturates at ML coverage.
To explore what happens in growth on quasi-crystals above this coverage, we turn to another adsorbate, Bi. Growth of Bi on the surfaces of quasi-crystals has been intensively studied because of the rich variety of structures that result. Table 3 summarizes experimental studies of Bi growth on various fivefold icosahedral quasi-crystal surfaces reported to date. The growth of the Bi ML was first reported by Franke et al. [29] . In experiments using helium atom scattering (HAS) and lowenergy electron diffraction (LEED), it was found that Bi forms a quasi-crystalline ML when deposited on the fivefold surface of i-Al-Pd-Mn or on the 10-fold surface of decagonal (d)-Al-Ni-Co [29] . HAS provides exclusive information of the topmost layer. Both HAS and LEED from the ML show the same symmetry and peak positions as those from the respective clean surfaces, evidencing the quasicrystalline structure of the ML. The stability of this ML was later supported by ab initio calculations [16, 35] and other experimental techniques such as STM [31] and medium-energy ion scattering (MEIS) [33] .
The nucleation and growth of the pseudomorphic ML on the i-Al-Pd-Mn surface were studied using STM, and follow a similar pattern to that for Pb on the same surface, with nucleation of pentagonal clusters at pseudo-Mackay adsorption sites [31] . These nucleation sites are quasi-periodically distributed and their density is about half of a ML. The subsequent deposition of Bi completes the ML.
In the first report of the Bi ML [29] , Bi was deposited at an elevated substrate temperature of about 300
• C, which was above the multi-layer desorption temperature, so that only the ML could be adsorbed. Sharma et al. later performed experiments at room temperature and identified the formation of crystalline islands after the completion of the quasi-crystalline [24, 30] . A recent quantitative analysis by X-ray photoemission spectroscopy (XPS) of Bi/i-Al-Pd-Mn has confirmed the growth and the stability of the islands [34] . The Bi islands exhibit specific heights (the so-called 'magic heights'), which correspond to the stacking of four atomic layers (4L) or multiples of this height [24, 30, 32, 33, 36] (figure 5a). Here, coverage is quoted in units of monolayer equivalent (MLE), where the calibration is fixed by the deposition of the first ML. Islands of two atomic heights were also observed at an early stage of the growth. However, these islands either reshaped themselves into 4L islands or they coalesce with neighbouring 4L islands [30] .
ML on i-Al-Pd-Mn, as well as on i-Al-Cu-Fe and d-Al-Ni-Co
The distribution of the island heights on d-Al-Ni-Co was found to be dependent on substrate temperature and deposition flux. High flux or low substrate temperature yield islands of uniform height of 4L [36] . The observation of the magic heights is believed to be due to quantum size effects [24] . The substrate-film and film-vacuum interfaces act as a confinement barrier, such that electrons travelling perpendicular to the surface reflect from the interfaces, which results in quantum well states. The thickness of the islands is then influenced by the position of the quantum well states. Magic heights have been also observed in Ag films grown on i-Al-Pb-Mn [24, 37] . The electron confinement was originally explained in terms of the pseudo-gap in electronic density of states at the Fermi level of the substrate, i.e. if the energy of the Bi or Ag sp electrons, which dominate the valence bands of these metals, lies in the pseudo-gap of the substrate, the electrons are reflected at the interface [24] . This interpretation was later disputed by a photoemission study on Ag/i-Al-Pd-Mn. It was argued instead that the confinement arises from incompatible symmetries of electronic states in the quasi-crystalline substrate and crystalline film such that no coupling of electron wave functions occurs at the interface [37] . These islands have pseudo-cubic structure with the {100} surface orientation. This structure was initially revealed by STM and reflection high-energy electron diffraction (RHEED) from Bi/i-Al-Cu-Fe [24] and recently confirmed by MEIS [33] from Bi/i-Al-Pd-Mn. Figure 5b shows the atomic structure expected for a pseudo-cubic {100} island. The MEIS results reveal the formation of bilayers within the islands, resembling a distorted black-phosphorous structure [33] . LEED indicates that the islands are randomly aligned with the substrate; such a random distribution of the islands yields a diffuse ring in the LEED pattern. (figure 5c) [32] .
Above a critical coverage, the pseudo-cubic {100} islands transform to the hexagonal {0001} surface orientation (figure 6a) [32, 36] , which is the natural cleavage plane of bulk Bi [38] . The triangular symmetry of the islands, as well as the hexagonal unit cell observed in STM (figure 6b), is indicative of this structure. The hexagonal structure is also confirmed by LEED. Unlike the pseudo-cubic islands, the hexagonal islands maintain an orientational relationship with the substrate. LEED from the system provides 30 spots, arising from hexagonal domains aligned along the five high-symmetry directions of the substrate (figure 6c) [32] . The position of the spots are consistent with those expected for the hexagonal structure and also coincides with the Bragg peaks of the substrate, which establishes the film-substrate registry.
Fibonacci film formation: Cu adsorption on i-Al-Pd-Mn
Most of the systems that show a degree of transference of structural information from the quasi-crystalline substrate to an adsorbate are those in which the adsorbate is a metal with a large atomic radius and a low melting point [29] [30] [31] [32] . When transition metals are used as an adsorbate, in some cases, rotational epitaxy is the resultant growth mode [39, 40] . In this growth mode, the only information transferred is the degree of rotational symmetry of the substrate. That is, a fivefold substrate will lead to the growth of crystalline domains with no relation to the substrate other than that one crystal direction of the growing film will be coincident with a high-symmetry direction of the quasi-crystalline substrate.
Cobalt, when deposited on d-Al-Ni-Co and, in particular, Cu, when deposited on i-Al-Pd-Mn, show some rather different behaviour, which is intermediate to the two cases referred to above [41] [42] [43] [44] . STM images of the structure of 4 ML of Cu/i-Al-Pd-Mn show the formation of a 'stripe' pattern at the surface of the film. For each domain, the stripe pattern runs in one direction only; the observation of five stripe patterns leads to the conclusion that the film comprises nanocrystallites of five orientational domains, as may be expected on a fivefold surface. These structures are shown in figure 7 .
The stripe pattern is an emergent phenomenon and is not visible at lower coverages. The film appears disordered and unresolved at coverages under a ML. Between 1 and 3 ML, some ordering becomes apparent in the straightening of island edges, and certain pentagonal directions become apparent between domains. The stripe pattern itself appears after around 3 ML, and can be described as a set of Ammann bars where the sequence of separations is equivalent to a one-dimensional Fibonacci chain denoted by stripes of two characteristic widths that are related to each other by t, the 'golden ratio'. Such a Fibonacci chain may be drawn on images of the clean i-Al-Pd-Mn surface simply by joining up like features in the images, such as the truncated pseudo-Mackay clusters (WFs) [45] .
The film is very well ordered, as evidenced by high-quality LEED patterns and STM images. It also persists to at least 25 ML with the same structure, though it becomes increasingly three dimensional with increasing coverage. A simple analysis of the LEED pattern, reproduced in figure 8 [42] , identified the characteristic 'streaking' in the patterns as due to the Fibonacci chain of streak separations present at the film surface. As the streaks are due to the Fibonacci ordering, the separation of the streaks must be related to the lattice parameter in the real-space direction perpendicular to the stripe pattern. This allowed for the extraction of a surface unit cell parameter of around 2.5 Å, compatible with an fcc (100) orientation, and thus presenting a plausible simple model for the film structure. When MEIS data were collected from this film [43] , this model of the film structure was used as the starting point for the Monte Carlo analysis of the blocking dips in the spectra, and ultimately yielded a good fit to the experimental data. The specific characteristics of the model thus generated can be summarized in the following manner: five domains of a crystalline fcc [100] Cu structure, oriented at pentagonal angles to each other, with long and short separations comprising two or three atomic planes of Cu stabilized in a strain-based structure. This conclusion was not supported by some of the experimental observations, however. First of all, there is no clear reason why stripes would be visible at all if there were not also some associated variations in topography. Secondly, it seems unlikely that such a structure could be stable at coverages reaching 25 ML. Thirdly, it follows that for a strain-based structure, the stripe pattern would be most visible in the first layer where the substrate influence is at a maximum. Because of these problems, a dynamical LEED analysis of the structure [47] was carried out. This analysis yielded a model that addressed all of the problems in the strain-based model and explained all of the experimental observations. This model, shown in figure 9 , is based on a body-centred tetragonal (bct) lattice with an associated rotation leaving the ab plane at an angle of 13.28 • to the substrate surface plane. This rotation provides a one-dimensional pattern of steps at the Cu/i-Al-Pd-Mn interface with an approximately Fibonacci character that mirrors the separations of certain points of high symmetry in the substrate surface. This pattern of steps is reproduced at the surface of the Cu film and gives rise to the stripe pattern. Such a structure has very little inherent strain, accounting for its stability at higher film thicknesses. Also, the unit cell of such a three-dimensional superstructure would contain much more material than a comparable unit cell for the two-dimensional class of superstructures, which explains why the stripe pattern is not visible at low coverages.
The original account of this film reported that the film growth followed the Stranski-Krastanov model. The standard interpretation of Stranski-Krastanov style growth is that a pseudomorphic wetting layer is formed of indeterminate but low thickness, followed by nucleation of islands of a normal crystalline form of the adsorbate. This is clearly not what is happening for this film, which is more like Volmer-Weber (layer-by-layer) style growth in that the adsorbate fails to revert to standard bulklike Cu for any thickness up to at least 25 ML.
Discussion and conclusions
As demonstrated by the examples above, adsorbate-substrate and adsorbateadsorbate interactions play a crucial role in information-transferring epitaxial processes on quasi-crystal surfaces. Only heterogeneous nucleation has been found to lead to the pseudomorphic growth of MLs. Additionally, of the two adsorption sites identified on the fivefold i-Al-Pd-Mn surface-the DS and WFonly decoration of the WFs results in dense aperiodic MLs. The degree of ordering is dictated by the local adsorbate-adsorbate interaction, the size of the adsorbates and how they can be accommodated within the P1 or DHBS tilings [48] . Above an ML, Bi adsorbs, but its structure reverts to islands with the structure of bulk Bi allotropes. Initially, pseudo-cubic islands with the (100) surface orientation are formed, which have specific magic heights. This effect is believed to be due to the confinement of electrons within the islands. Above a critical coverage, the overlayer adopts a new morphology with the hexagonal {0001} surface orientation. The hexagonal islands are aligned along the high-symmetry directions of the substrate, yielding a fivefold-twinned structure. For the case of the Cu film, a unique structure is formed that is heavily influenced by the substrate and persists to many atomic layer thicknesses.
The examples above illustrate the difficulties in information transfer via epitaxy for quasi-crystal surfaces. The situation may improve as new quasicrystals are discovered and their surfaces in turn are used for epitaxy [49, 50] . Another promising area is the use of quasi-crystal surfaces and quasi-periodic overlayers as templates for molecular quasi-crystals [51] . In fact, although quasi-crystal surfaces are chemically and structurally complex, many of the above-mentioned conclusions are valid for all crystal surfaces. While some general principles have been established, attempting to predict what will happen during epitaxial processes is difficult. In many cases, it is not even possible to successfully model experimentally determined structures with the best theoretical tools available.
One can also speculate on the wider question of whether self-organization in epitaxial processes can be a realistic mechanism for information replication. In terms of structural perfection in overlayers and nanostuctures, with a few notable exceptions in semiconductor systems, epitaxial structures are far from achieving the levels of reproducibility and perfection required in industrial manufacturing processes. For example, Motorola and many other companies operate a Six Sigma strategy; a Six Sigma process being one in which 99.99966 per cent of the products manufactured are statistically expected to be free of defects (3.4 defects per million) [52] . It is doubtful whether epitaxy or any other nanoscale self-organization process for construction/replication will ever achieve such a level of perfection, owing to the large number of kinetic and energetic factors that are inherent in such complex processes.
